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ABSTRACT

A Lewis acid palladium-catalyzed reaction of amides, aryl aldehydes, and arylboronic acids is described. This new method allows for a practical
and general synthesis of R-substituted amides from simple, readily available building blocks.

The Petasis or Borono-Mannich reaction;a three-
component reaction of an amine, an aldehyde, and a
boronic acid;allows for a straightforward synthesis of
various nitrogen-containing molecules (Scheme 1; classic
Petasis reaction).1,2 Due to the synthetic utility and bio-
logical activity of the resulting products, the accessibility of
the starting materials and the rapid access to structural
diversity, the Petasis reaction has become a powerful tool
in drug discovery.
However, the classical Petasis method has two severe

limitations.2 In general, the reaction is restricted to acti-
vated aldehydes (e.g., glyoxalates) or aldehydes bearing a
suitable boron-activating group, typically a free hydroxy
group (e.g., R-hydroxyaldehydes or salicylaldehyde).
In addition, the reaction usually proceeds well only with
electron-richvinyl- and (hetero)arylboronic acids.Successful

examples with electron-poor, nonactivated boronic
acids are rare and require special reagents and substrate
combinations.3,4

In recent years, different approaches to overcome these
limitations have been developed. Nucleophilic activation
of the organoboron reagent with transitionmetal catalysts
leads to a somewhat greater flexibility in the choice of
starting materials, but there are still some limitations
regarding the exact nature of the aldehyde or arylboronic
acid (Scheme 1; transitionmetal catalyzed three-component
reaction).5,6 An alternative approach would be a similar
electrophilic activation of the in situ formed imine
(Scheme 1; addition ofArB(OH)2 to acyl imines). Several,
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even enantioselective, direct additions of boronates to pre-
formed acyl imines or N,O-aminals have been reported.7

However, there is only one example of a Petasis-type
reaction utilizing such highly electrophilic acyliminium
salts,8 a copper-catalyzed three-component coupling of
imines and acid chlorides with tetraarylboranes.9

Herein we want to report a new, more general “amide”
version of the Petasis reaction using a cooperative dual
catalyst system capable of combining nucleophilic and
electrophilic activation.10 Our initial idea was to generate
the reactive acyl imine in situ via an acid-mediated con-
densationbetweenanamide andanaldehyde11 and touse a

suitable transition metal to activate simple commercial
available arylboronic acids for addition to the formed
reactive imine derivative. As a starting point for our
studies, we chose the reaction between benzamide (1a),
benzaldehyde (2a), and phenylboronic acid (3a) (Table 1).

From a range of tested transition metal complexes
(based on Cu, Rh and Pd), palladium(II)-salts proved to
be the most active catalysts. While several Lewis acids
could catalyze this reaction, the use of Yb(OTf)3 gave the
highest and most reproducible yields. Best results were
obtained with Yb(OTf)3 in combination with Pd(TFA)2
(TFA = trifluoroacetate) and 2,20-bipyridine, furnishing
the desired product in 86% yield (Table 1, entry 1). In the
absence of the Lewis acid Yb(OTf)3, the transition metal
Pd(TFA)2, or 2,20-bipyridine12 no product is formed
(entries 2�4). Interestingly, the presence of small amounts
of water (typically 0.4�2.0 equiv) is crucial for obtaining a
high yield. In the absence of water the yield drops drama-
tically (entry 5). The amount of water present in the
hydrated form of Yb(OTf)3 is usually sufficient for a high
yielding reaction (entry 6).13 Since metal triflates are
known to hydrolyze to TfOH,14a we also investigated the

Scheme 1. Classical and Modified Petasis Reactions

Table 1. Cooperative Dual Catalyzed Three-Component
Reaction: Influence of Reaction Parametersa

entry variation from the “standard” conditions yield (%)b

1 none 86

2 no Yb(OTf)3 �
3 no Pd(TFA)2 �
4 no 2,20-bipyridine �
5 no H2O <10

6 no H2O and Yb(OTf)3-hydrate, instead of

Yb(OTf)3

83

7 no H2O, with 5 mol % TfOH 86

8 þ 10 mol % 2,6-di-tert-butylpyridine �
9 TfOH, instead of Yb(OTf)3 �c

10 DCE, instead of CH3NO2 84

11 Pd(OAc)2, instead of Pd(TFA)2 50

12 Pd(PPh3)4, instead of Pd(TFA)2 �
13 1.2 equiv of PhB(OH)2, instead of 2.3 equiv 55

aReactions run at 0.5 mmol scale. b Isolated yield of analytical pure
product. cBenzhydrol was isolated in 67% yield. TFA = trifluoroace-
tate. DCE = 1,2-dichloroethane.
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possibility of catalysis by an in situ formedBrønsted acid.14b

Indeed, performing the reaction in the absence of water
but with 5 mol % TfOH furnished the desired product in
comparable yield (entry 7).Moreover, no productwas form-
ed, when 2,6-di-tert-butylpyridine, a proton scavenger,14a

was added to the reaction (entry 8). On the other hand,
performing the reaction with TfOH as the Brønsted acid
catalyst led to the selective formation of benzhydrol, the
direct addition product of phenylboronic acid to benzal-
dehyde (entry 9). These results indicate that both Yb(OTf)3
and an in situ generated Brønsted acid are important for
the catalytic system.15 Comparable results were obtained
with 1,2-dichloroethane as the solvent (entry 10). While
the use of Pd(OAc)2 as the palladium source led to con-
siderable lower yields (entry 11), Pd(0)-species, such as
Pd(PPh3)4, were generally ineffective (entry 12). Perform-
ing the reaction with less than 2.3 equiv of phenylboronic
acid (3a) led to decreased yields of the desired amide 4

(entry 13).
Based on the results from Table 1, a plausible mechan-

ism for the three-component reaction is shown in Scheme 2.

A reactive acyl imine 5 is formed through a Lewis acid
catalyzed condensation between the amide and the alde-
hyde. An in situ released Brønsted acid could then pro-
tonate the formed acyl imine to give an evenmore reactive
acyliminium ion 6. We assume that the Lewis acid can
catalyze the acyl imine formation more efficiently.16

Simultaneously, the dicationic palladium(II) complex
reacts with the arylboronic acid to form a more nucleo-
philic arylpalladium(II) complex 7. Those two catalyti-
cally generated active intermediates, acyl imine 5 (or
acyliminium ion 6) and arylpalladium(II) species 7, can
subsequently react with each other to form the desired
product 4. However, further investigations are necessary
to elucidate the reaction mechanism and to confirm the
formation of the reactive acyliminium ion.
With the optimized conditions established, the scope

and limitations of the method were explored. As shown in
Scheme 3, electron-rich and -poor aryl amides afforded the
correspondingR-substituted aryl amides in good yields (4b
and 4f). Moreover, various alkyl amides, such as trifluoro-
acetamide, worked well and gave the desired products in

53�87% yield (4c�4e and 4g). Using our standard condi-
tions, secondary amides did not react with the exception of
the cyclic carbamate 2-oxazolidone (4h). To our delight,
carbamates could be used as an amide component, allow-
ing the efficient preparation of variousN-protected amines
(4i�4k). As the deprotection of products from typical
Petasis reactions is sometimes difficult,2 our method could
provide a more efficient approach to the often desired free
amines. In addition, the reaction withN-phthalyl-protected
valinamide furnished the product in 67% yield (4l).
We next examined reactions with various aryl aldehydes

(see Scheme 4).Aryl aldehydes bearing halogen or trifluoro-
methyl substituents in the ortho-, meta-, or para-position

afforded the desired product in good to excellent yields
(4m�4r). In some cases better yields were obtained with
4,40-dinitro-2,20-bipyridine as the ligand (4q and 4x). Both
electron-poor and -rich aryl aldehydes are compatible
with our method, but electron-rich aldehydes, such as
4-methoxybenzaldehyde, just gave moderate yields (4s�4u).
More importantly, N-heterocyclic aldehydes could be
employed as an aldehyde component, furnishing the
amides 4w and 4x in moderate yields.
Finally, an analogous series of reactionswere performed

with various arylboronic acids (see Scheme 5). Ortho-
substituted or halogenated arylboronic acids provided
the desired products in good to high yields (4ab, 4p, and
4q). Only in the case of the sterically very hindered di-
ortho-substituted mesitylboronic acid a lower yield was
obtained (4z). Reactions with highly electron-rich or -poor
arylboronic acids, such as (4-methoxyphenyl)boronic
acid and (4-(ethoxycarbonyl)phenyl)boronic acid, were
also possible (4u and 4aa). Although the yields are low,

Scheme 2. Proposed Mechanism

Scheme 3. Variation of Amidesa

aReactions run at 0.5 mmol scale. Isolated yields of analytical pure
products. b With Yb(OTf)3 þH2O (2.0 equiv). c With 2.0 equiv of 1 and
1.0 equiv of 2a. TFA= trifluoroacetate. Fmoc= 9-fluorenylmethylox-
ycarbonyl-. Pht = N-phthalyl-.

(15) Additional water might also facilitate the transmetalation of the
boronic acid to palladium.

(16) Control experiments with preformed acyl imines lead to a rapid
hydrolysis of the acyl imine under our standard reaction conditions.
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this is, to the best of our knowledge, the first example of
a Petasis-type reaction with an electron-deficient aryl-
boronic acid.17

It has to be emphasized that this reaction is very simple
to perform. It is not necessary to exclude air or moisture.
All shown reactions were performed without an inert
atmosphere in commercial grade solvents.
In summary, we have developed an efficient and prac-

tical three-component synthesis of R-substituted amides
from readily available amides, aryl aldehydes, and aryl-
boronic acids.A dual catalyst system, consisting of aLewis
acid (Yb(OTf)3) and a palladium(II) salt, and the presence
of water in the reaction are key to a successful transforma-
tion. This newmethod has a very broad scope and represents

a useful extension of the classical Petasis reaction. Further
applications of this concept as well as the development of an
enantioselective reaction are currently being investigated in
our laboratory.
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Scheme 5. Variation of Arylboronic Acidsa

aReactions run at 0.5 mmol scale. Isolated yields of analytical pure
products. b With 6 mol % 4,40-dinitro-2,20-bipyridine as ligand. c With
Yb(OTf)3-hydrate, no additional H2O.

d With Pd(OAc)2, in 1,2-dichloro-
ethane. TFA= trifluoroacetate.

Scheme 4. Variation of Aryl Aldehydesa

aReactions run at 0.5 mmol scale. Isolated yields of analytical pure
products. b With 6 mol % 4,40-dinitro-2,20-bipyridine as ligand. c With
10 mol % Yb(OTf)3-hydrate.

d With Yb(OTf)3 þ H2O (2.0 equiv). e In
1,2-dichloroethane. TFA = trifluoroacetate.
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